Abstract: Two species of the genus Choricystis (Choricystis minor and Choricystis chodatii) have been chromosomally surveyed. In addition, their ability to form symbiotic associations with the ciliate Paramecium bursaria was also investigated. Choricystis minor (clone #8931/1 from strain #8931) was isolated from a moss sample collected on Livingston Island, Maritime Antarctica. Choricystis chodatii (clone #3090/1) was derived from strain #3090 Chodat-type culture (loc. Switzerland, lake Geneva). The karyotypes of both species showed a haploid number of five chromosomes and shared some similarity in the chromosome lengths. The absolute chromosome lengths ranged from 1.25 µm to 2.95 µm. Studied species possess equal abilities for endosymbiotic associations with Paramecium bursaria. Descriptions of the species and a short discussion on their taxonomical status are given.
Introduction
Choricystis is a genus of the family Chlorellaceae that was established by Fott (1976) . He transferred the section Choricystis Skuja (existing within genus Coccomyxa Schmidle) to an independent genus, including those Coccomyxa species that lack mucilage. Species of genus Choricystis are characterised by the absence of pyrenoids and prevailing formation of 2 (rarely 4) autospores per sporangium. Initially, the genus Choricystis consisted of 4 species: Ch. chodatii (Jaag) Fott, Ch. minor (Skuja) Fott, Ch. coccoides (Rodxe et Skuja) Fott and Ch. granulata (Heynig) Fott. Later on, Hindák (1977) transferred Ch. granulata to genus Raphidocelis Hind. under the name R. granulata (Heynig) Hind. Based on the original diagnosis and iconotypes, two new Choricystis species (Ch. hindakii Tell and Ch. vischeri (Bourr.) Tell) have been described (Tell, 1979) . Using morphological criteria, Comas González (1980) and Hindák (1980) added two more species to the genus -Ch. komarekii and Ch. guttula. In 1983, Komárek & Fott assigned Ch. vischeri (Bourr.) Tell as a synonym of Ch. chodatii (Jaag) Fott. Five years later, Hindák (1988) transferred two Monoraphidium species to the genus Choricystis (Ch. nana (Ettl) Hind. and Ch. dybowskii (Woloszynska) Hind.) and described a new species, Ch. cylindracea Hindák, that differs from the other Choricystis species by cylindrical cells. Comparing morphological and molecular data from Choricystis strains, Krienitz at al. (1996) postulated that Ch. hindakii Tell should be reduced to synonymy with Ch. minor. Therefore, at present, the genus Choricystis comprises eight species: Ch. minor, Ch. chodatii, Ch. coccoides, Ch. komarekii, Ch. guttula, Ch. cylindracea, Ch. nana and Ch. dybowskii. According to Komárek & Fott (1983) , probably more than 30 Coccomyxa species without mucilage around the cells belong to genus Choricystis, but they haven't been revised yet.
Species of Choricystis (Skuja) Fott are widely distributed in the plankton of freshwater lakes, but can occasionally also be found in terrestrial or aerial habitats attached to different substrates. They have been reported from Europe, Asia, North America and Antarctica (Ettl & Gärtner 1995; Krienitz et al. 1996; Belykh et al. 2000; Cavacini 2001; Nováková 2002; Neustupa & Albrechtová 2003; Fawley et al. 2005; Pouneva & Zidarova 2006) .
Choricystis species are extremely difficult to identify because of their simple morphology and small size. Several reports demonstrated morphological variability of the coccoid green algae under the influence of different environmental factors and seasonal differences in the distribution of types (Phillips & Fawley 2000; Fawley et al. 2005; Teneva 2006; Johnson et al. 2007 ). Therefore, the taxonomic relationships in genus Choricystis are still not completely clear,
although many studies concerning morphological information and molecular analysis are available (Fott 1976; Komárek 1979; Tell 1979; Krienitz et al. 1996 Krienitz et al. , 1999 Belykh et al. 2000; Hepperle & Krienitz 2001; Yamamoto et al. 2001; Hepperle & Schlegel 2002; Nakahara et al. 2004; Fawley et al. 2005) .
In order to help clarify taxonomic relationships in the genus Choricystis, the present work attempts to characterise the karyotype of two coccoid algae (Choricystis minor and Choricystis chodatii) cultured in artificial conditions. The results are discussed in the light of the karyological similarity between taxa analysed using conventional staining techniques. In addition, the ability of the studied Choricystis species for symbiotic associations with ciliates in co-culture was investigated.
Material and methods

Clonal synchronous algal cultures
Clonal cultures of Choricystis minor and Choricystis chodatii were studied. Clone #8931/1 was isolated as Ch. minor from the strain #8931 (loc. Antarctica, the South Shetland Archipelago, moss). Clone #3090/1 was isolated as Ch. chodatii from the strain #3090 Chodat-type culture (loc. Switzerland, lake Geneva). Both strains were deposited in the Plovdiv Algal Culture Collection (PACC), Plovdiv University, Bulgaria .
The clonal cultures were obtained by the capillary pipette method (Stein 1973 ) with modifications as described by Mladenov & Furnadzieva (1995) . The cultivation and synchronisation of the algal cultures was carried out using the apparatus described by Dilov et al. (1972) . The synchronisation was performed by altering light/dark periods of 12/12 h. The temperature was 26
•
C and 18
• C during the light and dark periods respectively. The intensity of light during the light period was 224 µmol photon s −1 m −2 (12000 lux). Bold's Basal Medium (BBM) was used (Archibald & Bold 1970) . The density of the cultures was controlled at the beginning of the light period by diluting with nutrient medium to a concentration of 2.5 10 5 cells mL −1 . The suspensions were aerated with 100 litres of air per hour per litre of suspension, adding 1% CO2 during the light cycle.
Karyotype analysis
Chromosomes were obtained from synchronised clonal cultures, which had been directly treated with colcemid for 4 h (final concentration 0.20 µg/mL). The metaphase plates were prepared according to the method of Moorhead et al. (1960) adapted for plant cells of in vitro culture. Briefly, cells were centrifuged at 400g for 5 min, treated with 75 mM KCl solution for 15 min and hydrolysed in 5N HCl for 5 min. After fixation and rinsing in methanol/acetic acid (3:1), the cell suspension was pipetted onto microscope slides. Slides were air-dried at room temperature overnight, and stained with 5% Gimsa solution in Sörensen phosphate buffer (pH 6.8) for 30 min. The number of chromosomes was determined using light microscope and ten well-spread metaphase plates were chosen for micrography. Data about the absolute length of each chromosome (ACL) and its relative length (RCL) are given. Relative chromosome lengths were calculated as a percentage of the total chromosome length in the haploid set. Chromosomes were arranged in decreasing order of size.
Isolation and cultivation of ciliates and co-culture with Choricystis strains Living specimens of the freshwater ciliate Paramecium bursaria Ehrenberg were collected from a fishpond in Plovdiv (Bulgaria) in April 2006. Using a pipette washing procedure, new individual ciliates were isolated and transferred every second week during a period of five months. This procedure was applied in order to get symbiont-free specimens. The isolated individual ciliates were cultured in test tubes at room temperature and light/dark periods of 12/12 h in medium used by Sonneborn (1950) . The synchronised clonal cultures (2.5 × 10 5 cells mL −1 ) of Ch. minor and Ch. chodatii were co-cultured with symbiont-free culture of Paramecium bursaria for 14 days in BBM:Sonneborn medium (1:1) at conditions maintained above for the algal cultures. Symbiotic properties of the investigated Choricystis species were evaluated using light-microscopy observations.
Results
Typical characteristic features of the genus Choricystis are: the small size of the cells, the lack of mucilage, the lack of pyrenoids and autosporulation with prevalent formation of two autospores. The size and shape of the vegetative cells are the main morphological features that are used to distinguish Ch. minor from Ch. chodatii. As mentioned above, these characters could be highly variable and dependent on different factors, Figure 1 shows a comparison of the iconotypes of the investigated Choricystis species. The studied Ch. minor isolate was unicellular with a smooth cell wall and a single saucer-or band-shaped parietal chloroplast, without pyrenoid. Vegetative cells were either ellipsoidal or slightly kidney-shaped with rounded ends, sometimes heteropolar. Reproduction occurs by formation of 2 autospores. The size of individual cells in culture ranged from 4.6 to 9.4 µm in length and from 2.1 to 5.5 µm in width. All morphological and karyological features are presented in Table 1 . The haploid chromosome number of Ch. minor was found to be n = 5 chromosomes (Table 1, Fig. 2a) . The chromosome lengths ranged from 1.36 µm (RCL = 13.4%) to 2.61 µm (RCL = 25.8%). In general, centromeres of small chromosomes are not clearly visible, which makes it difficult to measure arm ratios. The absolute and relative lengths of the chromosomes are given in Table 1 . The total average (± SE) length of the haploid set of Ch. minor is 10.11 ± 0.33 µm.
The cultured Ch. chodatii isolate was characterised by solitary ellipsoidal vegetative cells (lack of kidneylike shape), 2.7-6.7 µm wide and 6.3-11.2 µm long ( Table 1) . Heteropolarity of the cell ends was also observed. The cell wall was smooth and thin. No differences in shape of the parietal chloroplasts (lacking pyrenoids) were found between Ch. minor and Ch. chodatii. Reproduction was only by autospore formation. The karyotype of Ch. chodatii was similar to that of Ch. minor (Table 1, Fig. 2b ). The chromosome complement was n = 5. Chromosomes gradually decreased in size, varying from 2.95 µm (RCL = 29.5%) to 1.25 µm (RCL = 12.5%). The ratio of the longest to the shortest chromosome is 2.36. It was impossible to determine precisely the position of the centromere. The total average (± SE) length of the haploid set of Ch. chodatii is 9.99 ± 0.29 µm.
Symbiotic relationships between freshwater ciliates and green coccoid algae have been well known. Chlorella Beijerinck or Chlorella-like algae were considered as representative endosymbionts of Paramecium bursaria (Reisser et al. 1988) . Choricystis minor (Skuja) Fott was reported as a secondary candidate of an associa- tion partner (Nakahara at al. 2004) . In order to investigate the symbiotic properties, we have co-cultured either Ch. minor or Ch. chodatii with symbiont-free culture of Paramecium bursaria. Using light microscopy, accommodation of Choricystis cells in the cytoplasm of P. bursaria has been observed in both cases. Figure 3 represents an individual P. bursaria with aggregated Choricystis cells as endosymbionts. The Choricystis cells were localised within the peripheral cytoplasm of the host. Therefore, the studied Choricystis species have equal abilities for endosymbiotic associations with ciliates. 
Discussion
Most floristic studies of microalgae have traditionally applied light microscopy for taxonomic identification of the species using few morphological features. Since it is difficult to determine clear diacritic morphological characters of taxonomic importance for these small coccoid algae, some recent studies have used molecular methods. Analysing the 18S rDNA coding sequences, Krienitz et al. (1996) have shown that morphologically different Choricystis species possess identical 18S rDNA sequences. The authors suggested that all these Choricystis isolates should be regarded as one species with cosmopolitan distribution -Ch. minor. On the other hand, several studies have shown that Choricystis isolates with identical morphological criteria have unique 18S rDNA sequences (Belykh et al. 2000; Hepperle & Schlegel 2002; Fawley et al. 2004; Nakahara et al. 2004; Fawley et al. 2005 ). In addition, Fawley et al. (2004) have detected variations in the gene encoding the large subunit of the RUBISCO enzyme (rbcL) and ribosomal ITS regions among Choricystis isolates with identical 18S rDNA sequences, which makes the concept of the molecular diversity, distribution and evolution of Choricystis more complicated. A detected seasonal distribution of Choricystis sequence types suggests that the different types represent distinct cryptic species even in a single water body (Fawley et al. 2005) . Several research groups agreed with the conclusion that the unicellular or colonial habit as well as the presence or absence of introns within 18S rDNA sequences could not be regarded as reliable diacritic features of specific taxonomy (Krienitz et al. 1996; Hepperle & Schlegel 2002; Nakahara et al. 2004; Fawley et al. 2005) . Also, it has been postulated that the diversity of green microalgae could be due to their habitat, and the ecological tolerances may be broad in culture, but narrow under natural conditions (Fawley et al. 2004) .
Our data show that karyoptypes of Ch. minor and Ch. chodatii are very similar in both the number of chromosomes (n = 5) and the total length of the haploid set. Cytologically, Ch. minor and Ch. chodatii can be slightly distinguished only by morphometric chromosome parameters, such as chromosome length. These chromosome evidences are not sufficient to distinguish the two species clearly. Differential chromosome banding studies or pulsed field gel electrophoresis (PFGE) could perhaps be more discriminatory.
Although the present data are insufficient for a comprehensive analysis of the taxonomical status of genus Choricystis, the lack of significant morphological differences, the similarity between both karyotypes and the equal abilities for endosymbiotic associations with ciliates suggest that Ch. minor and Ch. chodatii probably belong to one species (Ch. minor) as postulated by Krienitz et al. (1996) .
Taking into account the simple morphology, the variability of shape and size of the cells under the influence of different factors, the karyotype similarity and the molecular diversity of Choricystis, the question of the taxonomical status and the evolutionary biology of these species is still open. Further investigations should be extended using a complex of morphological, ultrastructural, ecophysiological, cytological and molecular criteria.
